Proanthocyanidin (a persimmon-peel extract) is known to have potent antioxidative effects, but its protective action specifically against cellular damage has not been fully explored. In this work, we investigated the protective property of proanthocyanidin against cellular oxidative stress with an experimental model, H 2 O 2 -exposed human diploid fibroblasts (HDFs). To investigate the proposed underlying beneficial actions of proanthocyanidin as to cellular injury induced by H 2 O 2 , several major biochemical parameters were determined, including estimation of total reactive species (RS) generation, antioxidant enzyme activities, reduced glutathione (GSH)/oxidized glulathione (GSSG) ratio, and mitochondrial membrane potential. The results indicate that proanthocyanidin reduced total RS generation while enhancing the activities of catalase and glutathione reductase and the GSH/GSSG ratio. Additionally, proanthocyanidin was found to protect against mitochondrial membrane damage in HDFs treated H 2 O 2 . Based on these results, we conclude that proanthocyanidin has strong protective effects against cellular damage to several key cellular functions by suppressing oxidative stress in H 2 O 2 -treated HDFs.
Proanthocyanidin (a persimmon-peel extract) is known to have potent antioxidative effects, but its protective action specifically against cellular damage has not been fully explored. In this work, we investigated the protective property of proanthocyanidin against cellular oxidative stress with an experimental model, H 2 O 2 -exposed human diploid fibroblasts (HDFs). To investigate the proposed underlying beneficial actions of proanthocyanidin as to cellular injury induced by H 2 O 2 , several major biochemical parameters were determined, including estimation of total reactive species (RS) generation, antioxidant enzyme activities, reduced glutathione (GSH)/oxidized glulathione (GSSG) ratio, and mitochondrial membrane potential. The results indicate that proanthocyanidin reduced total RS generation while enhancing the activities of catalase and glutathione reductase and the GSH/GSSG ratio. Additionally, proanthocyanidin was found to protect against mitochondrial membrane damage in HDFs treated H 2 O 2 . Based on these results, we conclude that proanthocyanidin has strong protective effects against cellular damage to several key cellular functions by suppressing oxidative stress in H 2 O 2 -treated HDFs. Key words: proanthocyanidin; antioxidative effects; cellular damage; oxidative stress; mitochondrial membrane potential Cellular oxidative stress is considered to occur due to a net imbalance between reactive species (RS) and counteraction by various antioxidants. Cellular damage results from oxidative insults that are more easily identified in RS-producing mitochondria; 1) the counteracting antioxidative defense system includes antioxidant enzymes, such as catalase and glutathione reductase. In addition, reduced glutathione (GSH), the most abundant non-protein thiol, plays important roles in the cellular defense system thwarting oxidant aggression due to excess RS. Depletion of reduced GSH, which leads to a shift in cellular GSH-to-oxidized glutathione (GSSG) redox balance, is indicative of oxidative stress. 2) Hydrogen peroxide (H 2 O 2 ) is known to cause cytotoxicity in various cells, leading to oxidative stress. The H 2 O 2 -treated human diploid fibroblast cell is widely used as an in vitro model to evaluate the effects of antioxidants. 3) In the present study, an in vitro experimental protocol was designed to injure human diploid fibroblast cells (HDFs) with H 2 O 2 as oxidant reagent. Being an unstable and highly reactive compound, H 2 O 2 is toxic to cells, and is known to induce mitochondrial membrane depolarization. 4) According to another report, H 2 O 2 readily injures biomolecules, which results in cellular mutation or cell death via apoptosis or necrosis. 5) Therefore, the removal of excess H 2 O 2 or degradation of it by antioxidants might be effective in preventing oxidative stress or cell death.
In recent years, researchers have expended considerable effort in a search for natural substances with antioxidant properties. Our laboratory has found a number of naturally occurring polyphenolic compounds that have strong antioxidative properties, [6] [7] [8] [9] including various polyphenolic compounds that show powerful preventive actions against oxidative stress and agerelated disease. [7] [8] [9] [10] One of these, proanthocyinidin, is well known for its antioxidative, antifungal, and anticancer properties. [11] [12] [13] In previous studies, we found that proanthocyanidins from persimmon peel had a the protective property against diabetes in a streptozotocininduced diabetic rat model, 10) but the underlying protective mechanisms of proanthocyanidin against H 2 O 2 -induced cellular injury have not been fully explored.
Therefore, in the current work investigating the possible beneficial role of proanthocyanidin in cellular damage, we determined the protective properties of proanthocyanidin with the H 2 O 2 -exposed human diploid fibroblast cell system. To document the underlying actions of proanthocyanidin, we assessed total RS generation, the antioxidant enzyme activities of catalase and glutathione reductase, the GSH/GSSG ratio, and mitochondrial membrane potential in oxidatively stressed, HDFs exposed to H 2 O 2 . Preparation of persimmon-peel proanthocyanidin. Detailed information regarding proanthocyanidin's preparation procedure has been published. 10) Briefly, a mixture of freshly crushed persimmon peel (green peel 5-7 cm in diameter, 3 kg) and dried green tea leaves (450 g) in water containing citric acid (240 g) was boiled for 3 h. After cooling, the insoluble materials were eliminated by filtration, and the filtrate was applied directly to a Sephabeads SP 825 column (10 cm i.d. Â 45 cm, Mitsubishi Chemical, Tokyo). Elution with water washed out the non-phenolic compounds containing citric acid, sugars, minerals, amino acids, etc. Additional elution with water consisting of enhanced amounts of ethanol (20-80% ethanol, 20% stepwise elution, 2 L each) yielded a mixture of oligomeric proanthocyanidin and tea catechins (72.2 g). Then the mixture was subjected to Sephadex LH-20 column chromatography with ethanol elution to isolate the monomeric tea catechins, and further elution with 50% aqueous acetone yielded an oligomer. The degree of oligomeric polymerization was determined as 3.3 by quantitative HPLC analysis of the thiol degradation products, 14) while the epigallocatechin, epicatechin, epigallocatechin 3-0-gallate, and epicatechin 3-O-gallate in the oligomers were estimated at 47, 15, 31, and 6% respectively. The purity of the final product was estimated to be greater than 98%.
Materials and Methods
Cell culture. TIG-1 HDFs were cultivated in 100-mm culture dishes containing DMEM supplemented with 10% FBS at 37 C in a humidified atmosphere of 5% CO 2 in air. The cells were detached from the dish by 0.05% v/v trypsin-EDTA in phosphate buffered saline (PBS), and TIG-1 HDFs were seeded into 96-well plates at a density of approximately 2 Â 10 5 cells/well. After incubation for 24 h, the cells were treated with proanthocyanidin. Then they were treated with a final concentration of 300 mM H 2 O 2 for 1 h. All subsequent procedures were performed under these conditions, and all experiments were in triplicate and repeated 3 times to ensure reproducibility.
Estimation of cell proliferation. Cell viability assay was carried out by the method described by Mosmann 15) by the MTT method. Briefly, cells were pretreated with and without proanthocyanidin, followed by 300 mM H 2 O 2 for 1 h. A 100 mL aliquot of MTT solution (1 mg/mL) was added to each well of 96-well culture plates (n ¼ 6 per group) and incubated for 4 h at 37 C, and then the medium containing MTT was eliminated. The incorporated formazan crystals in the viable cells were solubilized with 100 mL of dimethyl sulfoxide, and the absorbance at 540 nm of each well was measured with a microplate reader (Model 3550-UV, Bio-Rad, Tokyo).
Determination of total RS generation. Total RS generation was estimated in the culture supernatant by the method described by Wang and Joseph. 16) TIG-1 HDFs were seeded into 96-well plates at a density of approximately 2 Â 10 5 cells/well. After proanthocyanidin treatment, 25 mM DCFH-DA was added, and the cells were then incubated at 37 C for 15 min and then exposed to 300 mM H 2 O 2 for 1 h. Fluorescence reaction products were determined with a microplate reader (Model 3550-UV, Bio-Rad, Tokyo). Changes in fluorescence were measured for 30 min at an excitation wavelength of 486 nm and an emission wavelength of 530 nm. N-Acetyl-L-cystein (NAC, 5 mg/mL) was used as positive control.
Measurement of catalase and glutathione peroxidase activity.
TIG-1 HDFs were cultivated in 100-mm culture dishes containing DMEM supplemented with 10% FBS at 37 C in a humidified atmosphere of 5% CO 2 in air. The cells were detached from the dish with 0.05% v/v trypsin-EDTA in phosphate buffered saline (PBS) and subcultured in culture plates. After incubation for 24 h, the cells were treated with proanthocyanidin. After that procedure, the cells were treated with a final concentration of 300 mM H 2 O 2 for 1 h. TIG-1 HDFs were collected and sonicated for 3 min at 30-s intervals. Cell debris was pelleted, and the resulting supernatant was used in enzyme activity assays. In brief, catalase activity was determined spectrophotometrically by direct measurement of the reduction of light absorption at 240 nm caused by the decomposition of hydrogen peroxide by catalase. 17) Glutathione reductase activity 18) was determined by measuring NADPH oxidation at 340 nm spectrophotometically for 1 min. The assay mixture contained 50 mM potassium phosphate buffer (pH 7.0), 2 mM EDTA, 0.15 mM NADPH, 0.5 mM GSSG, and enzyme extract, and the reaction was started by adding NADPH. Catalase and glutathione peroxidase activity was calculated as nmole/min/g of protein. Enzyme activities were calculated by normalizing the results to the total protein concentration of the whole extract, as determined by bicinchoninic acid protein assay 19) with NAC (5 mg/mL) as positive control.
Determination of GSH and GSSG levels. TIG-1 HDFs were cultivated in 100-mm culture dishes containing DMEM supplemented with 10% FBS at 37 C in a humidified atmosphere of 5% CO 2 in air. Cells were detached from the dish with 0.05% v/v trypsin-EDTA in phosphate buffered saline (PBS) and subcultured in 96-well culture plates. Following 24 h of incubation, the cells were pre-treated with proanthocyanidin and then exposed to a final concentration of 300 mM H 2 O 2 for 1 h. GSH levels were by the method of Pandey and Katiyar. 20) Twenty-five percent of the cell pellets were centrifuged at 12;000 Â g for 10 min, and then the supernatant was taken for assay. One mM EDTA-50 mM phosphate buffer was added to the supernatant, and then O-phthalaldehyde, after 20 min at room temperature, fluorescence was measured at an excitation wavelength of 360 nm and an emission wavelength of 460 nm. GSSG levels were assayed after preincubation with N-ethylmaleimide for 20 min, and 0.1 M NaOH was replaced with 1 mM EDTA-50 mM phosphate buffer.
Rhodamine assay for mitochondrial membrane protection by proanthocyanidin. Mitochondrial membrane protection by proanthocyanidin was estimated by rhodamine-123 as a fluorescent probe. Rhodamine-123 incorporated specifically into mitochondrial membranes the method by Lautraite et al. 21) Mitochondrial membrane protection was assessed by eluting the dye from stained cells with a solution of 1% v/v acetic acid-50% v/v ethanol (100 mL/well). After mixing, the fluorescence of each plate was read rapidly with specific filters (excitation, 490 nm; emission, 530 nm) on a fluorescence plate reader. In addition, the cells in 6-well plates were treated with and without proanthocyanidin and with and without H 2 O 2 , washed with PBS, and incubated with 10 mM rhodamine-123 in the media. After washing twice with PBS, red fluorescent cells were observed under a fluorescence microscope. The extent of mitochondrial membrane protection was determined by microplate reader.
Protein assay. Protein concentrations were measured by a bicinchoninic acid protein assay. 19) All samples were assayed in triplicate.
Statistics.
All experiments were performed in triplicate and, were repeated 3 times to ensure reproducibility. The effect of each parameter was estimated by one-way analysis of variance. Individual differences between groups were determined by Dunnett's test and those at p < 0:05 were considered statistically significant.
Results

Estimation of cell viability
As shown in Fig. 1, H 
Reduction of total RS generation
To determine the role of proanthocyanidin in the regulation of H 2 O 2 -induced oxidative stress, total RS production was examined. Figure 2 presents data to the effect that RS generation increased after treatment with H 2 O 2 , but the cells treated proanthocyanidin showed reduced total RS generation. These data indicate that proanthocyanidin protects H 2 O 2 -induced HDFs by mod-ulating total RS, and thus regulation of total RS can be considered a contributing factor in the cytoprotective effect of proanthocyanidin.
Enhancement of antioxidant enzyme activities
To determine whether proanthocyanidin has an antioxidative defense property, we examined its effect in H 2 O 2 -induced HDFs. Figures 3 and 4 show findings to the effect that compared to the H 2 O 2 -treated control group, catalase and glutathione reductase activities were augmented in the group treated proantocyanidin. These results indicate that modulation of catalase and glutathione reductase activities by proanthocyanidin correlates with its cytoprotective effects.
Effects of proanthocyanidin on GSH, GSSG levels, and their ratio
Since the GSH/GSSG ratio is a significant oxidative stress marker, the effect of proanthocyanidin on GSH and GSSG levels and of the one ratio and to the other ratio were estimated. As Table 1 shows, proanthocyanidin enhanced intracellular GSH levels, and decreased GSSG levels. Finally, the GSH/GSSG ratio was boosted by proanthocyanidin, indicating that proanthocyanidin maintained a well-regulated redox balance. These data confirm that proanthocyanidin reveals its anti-oxidative properties by not only enhancing antioxidant enzyme activities but also by upregulating the GSH/GSSG ratio.
Effect of proanthocyanidin on mitochondrial membrane protection
Because mitochondria and oxidative stress are closely related, we examined the effect of proanthocyanidin on the rhodamine assay for mitochondrial membrane protection using H 2 O 2 -treated HDFs. The intensity of red fluorescence indicates mitochondrial membrane After incubation for 24 h, cells were treated with proanthocyanidin for 24 h. Then, they were treated with a final concentration of 300 mM H 2 O 2 for 1 h. NAC (5 mg/mL) was used as positive control. Results are expressed as mean AE SEM of at least three determinations. ÃÃ p < 0:01, ÃÃÃ p < 0:001 compared with values for nontreated group; ### p < 0:001 compared with values for H 2 O 2 -treated group. protection when rhodamine-123 is incorporated into the mitochondria. Figure 5A and B illustrate the intensity at which red fluorescence was boosted in the H 2 O 2 -treated HDFs, but proanthocyanidin treatment decreased the fluorescence intensity, indicating that proanthocyanidin effectively prevented the adverse change in mitochondrial membrane protection. These results suggest that in H 2 O 2 -treated HDFs, proanthocyanidin protects mitochondrial integrity by defending the cell against oxidative stress.
Discussion
In this study, we investigated the protective effect of proanthocyanidin as to its ability to ameliorate H 2 O 2induced cytotoxicity in HDFs. As far as we know, this study shows the first evidence that proanthocyanidin from persimmon peel reduces cytotoxicity by suppress-ing cellular injury through modulation of oxidative stress in H 2 O 2 -treated HDFs.
First we assessed to determine whether proanthocyanidin attenuates H 2 O 2 -induced cytotoxicity. The results indicate that proanthocyanidin reduced the cell death in exposed H 2 O 2 , indicating that it protects against H 2 O 2induced cellular insult (Fig. 1) .
To determine the underlying cellular mechanisms of proanthocyanidin's protective effects against cellular damage, we examined several oxidative stress markers and found that proanthocyanidin reduces total RS production ( Fig. 2 ). This finding is in line with a previous report that cell injury induced by H 2 O 2 can be reversed by decreasing reactive oxygen species generation. 2) Because antioxidant enzyme activity is another significant contributing factor in defense against oxidative stress, we estimated catalase and glutathione reductase activities. We found that proanthocyanidin boosted catalase and glutathione reductase activities, enhancing antioxidative defenses against cellular damage in these H 2 O 2 -treated HDFs (Figs. 3 and 4) . These data are parallel with other report that H 2 O 2 -induced cellular damage was reduced by resveratrol, and the underlying mechanisms might have to do with increased catalase, SOD-1, and HO-1 expression in HLEB-3 cells. 22) We consider our data on the beneficial effects of proanthocyanidin to be significant as for H 2 O 2 -treated HDFs, indicating that proanthocyanidin has various protective effects not only in its antioxidative action against RS generation, but also in its enhancement of two major scavenging enzymes, catalase and glutathione reductase.
One of the findings of this study is the antioxidative effect of proanthocyanidin on the GSH/GSSG ratio. The GSH system, consisting of GSH, GSSG, and several related enzymes, is the main redox control system of the cell, and an imbalance between oxidants and antioxidants can cause mitochondrial dysfunction. 23) As shown in Table 1 , H 2 O 2 treatment reduced the GSH/GSSG ratio, while proanthocyanidnin boosted it, indicating that proanthocyanidin effectively regulates the redox balance. Thus our data confirm that the antioxidative action of proanthocyanidin works by maintaining a wellbalanced cellular redox status, meaning that redox balance control is a critical contributing factor in the prevention of cellular damage and mitochondrial dysfunction. These results are in line with the recent report of Kaurane diterpenes from Sideritis spp. that showed a cytoprotective effect against H 2 O 2 -induced oxidative injury by attenuating the loss of mitochondrial function and restoring the GSH/GSSG ratio in PC12 cells. 24) Mitochondria are extremely sensitive to oxidative insult, and the preservation of mitochondrial functions is essential for cell survival. 25) In this study, we monitored H 2 O 2 -induced oxidative damage to the mitochondrial membrane by rhodamine assay for mitochondrial membrane protection. As shown in Fig. 5A and B , mitochondrial membrane was adversely altered in the H 2 O 2 -treated HDFs, indicating mitochondrial structural damage, which was prevented by proanthocyanidin treatment. Crispo et al. have reported that methyl gallate prevented H 2 O 2 -induced mitochondrial potential depolarization by inhibiting oxidative stress. 26) Mitochondrial membrane alteration and related dysfunction due to oxidative insult are considered to play significant roles in aging and many age-related diseases. 27) Consequently, the search for efficacious compounds for mitochondrial membrane stabilization has been intensified in recent years. To our knowledge, the present study is the first to document the membrane protective effect of proanthocyanidin against H 2 O 2 in HDFCs. In this regard, our data are comparable to previous work on antioxidant resveratrol as to mitochondrial protective effect, 28) and the protective effect of melatonin in H 2 O 2 induced mitochondrial oxidative stress and apoptosis. 29) Our findings are in agreement with prevailing thought on H 2 O 2 as a mitochondrial membrane permeant. 30) It is worth emphasizing the diverse protective properties of proanthocyanidin, which that include its ability to modulate total RS generation, antioxidant enzyme activities, and the GSH/GSSG ratio, as well as mitochondrial membrane stability.
Our previous work indicates that antioxidative effects are closely related to the amelioration of age-related diseases. 10, 31) Other studies have also found that attenuation of oxidative stress is associated with the regulation of cellular aging. 32, 33) Therefore, based on the findings of both previous studies and the present one, proanthocyanidin might potentially lead to its consideration as an anti-aging substance because of its multiple beneficial efficacies.
In summary, our study indicates that proanthocyanidin suppressed H 2 O 2 -induced HDFs cell injury by antioxidative effects. One of the important underlying actions of proanthocyanidin's cytoprotective effect on HDFs is its capacity to modulate the oxidative stress state by regulating total RS generation, antioxidant enzyme activities, and the GSH/GSSG ratio, and more importantly, its ability to maintain intact mitochondrial structure.
In conclusion, our data strongly indicate that in HDFs, proanthocyanidin protects against H 2 O 2 -induced cytotoxicity by suppressing oxidative stress, and that this gives it its antioxidative action. We propose that proanthocyanidin might be considered for use in antiaging treatment. Further detailed validation studies are needed to investigate proanthocyanidin as a possible mitochondrial stabilizing agent and its ability to ameliorate many mitochondria-related degenerative diseases.
